Dietary protein restriction is not only beneficial to health and longevity in humans, but also protects against air pollution and minimizes feeding cost in livestock production. However, its impact on amino acid (AA) absorption and metabolism is not quite understood. Therefore, the study aimed to explore the effect of protein restriction on nitrogen balance, circulating AA pool size, and AA absorption using a pig model. In Exp.1, 72 gilts weighting 29.9 ± 1.5 kg were allocated to 1 of the 3 diets containing 14, 16, or 18% CP for a 28-d trial. Growth (n = 24), nitrogen balance (n = 6), and the expression of small intestinal AA and peptide transporters (n = 6) were evaluated. In Exp.2, 12 barrows weighting 22.7 ± 1.3 kg were surgically fitted with catheters in the portal and jejunal veins as well as the carotid artery and assigned to a diet containing 14 or 18% CP. A series of blood samples were collected before and after feeding for determining the pool size of circulating AA and AA absorption in the portal vein, respectively. Protein restriction did not sacrifice body weight gain and protein retention, since nitrogen digestibility was increased as dietary protein content reduced. However, the pool size of circulating AA except for lysine and threonine, and most AA flux through the portal vein were reduced in pigs fed the low protein diet. Meanwhile, the expression of peptide transporter 1 (PepT-1) was stimulated, but the expression of the neutral and cationic AA transporter systems was depressed. These results evidenced that protein restriction with essential AA-balanced diets, decreased AA absorption and reduced circulating AA pool size. Increased expression of small intestinal peptide transporter PepT-1 could not compensate for the depressed expression of jejunal AA transporters for AA absorption.
Introduction
Dietary protein restriction largely resembles dietary restriction in being beneficial to longevity, stress resistance [1, 2] , chronic kidney disease, and age-related pathologies in humans [3] . In farm animals, reduced protein diets are usually employed to improve the nitrogen efficiency, reduce nitrogen pollution, as well as lower feed costs [4] . Therefore, the role of protein restriction in nutrient metabolism and health keeping attracts intensive interests both from the fields of human clinical nutrition and animal nutrition.
The small intestine plays a major role in digestion and absorption of protein, which subsequently influences the health, growth, development, reproduction, and sustaining life of the organism [5] . Meanwhile, the small intestinal mucosa can catabolize 30-50% of ingested AA and considerably modify AA profile appeared in the portal vein relative to dietary supplies [6, 7] . Body protein synthesis depends on the amount of intestinal AA absorption [8] and is regulated synchronously with the sensing of the concentration of extracellular AA [9] . Deficient AA intake hampers protein anabolism and thus brings out certain health problems [10] , which could be remedied by supplementation of crystalline AA now [11] [12] [13] [14] . However, the concentration of free AA except for lysine and methionine in the vena cava anterior was decreased when pigs were fed a low-protein diet with increased crystalline AA [15] . Therefore, the influence of protein restriction on postprandial total AA absorption and circulating AA pool size in body remains unclear.
In the case, protein restriction not only reduces AA supply, but alters AA form (the ratio of free to bound AA) in diets. Free dietary AA are readily available whereas protein-bound AA have to be digested before being released from the dietary protein [15, 16] . More crystalline AA supplemented in low protein diets could bring out changes in AA absorption site and absorption speed, which may alter small intestine morphology, AA transporter expression, as well as AA absorption in the small intestine. It has been shown that feeding a low protein diet supplemented with crystalline AA (lysine, threonine, and methionine) increased the expression of AA transporter b 0+ and decreased CAT-1 in the jejunum of pigs [17] . In contrast, when pigs were fed low protein diets in which only lysine, methionine, threonine and tryptophan were added, the expression of ASCT2 (Na + -neutral AA exchanger 2), CAT-1 (cationic amino acid transporter 1), rBAT (related to b 0,+ amino acid transporter), and 4F2hc (4F2 heavy chain) was decreased while the expression of PepT-1 (peptide transporter 1) was increased in the jejunum. However, when the diets were also supplemented with branched-chain AA, the expression of jejunal AA transporters was recovered [18] . The expression of b 0,+ , y + L and B 0 was not changed in the jejunum of pigs fed low protein diets with all essential AA (EAA) balanced compared with the normal diets [15] . Based on our knowledge, the influence of dietary protein restriction on the expression of small intestinal AA and peptide transporters remains unclear. In addition, its role in regulation of AA pool size in body maintains unrevealed. Therefore, this experiment was conducted to clarify the effect of dietary protein restriction, even with AA-balanced diets, on AA absorption and circulating AA pool size by using the pig model.
Materials and Methods

Ethics statement
All procedures conducted in the present study including two animal experiments were approved by the Institutional Animal Care and Use Committee of China Agriculture University (ID: SKLAB-B-2010-003) and had therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. All surgery in the Exp.2 was performed under sodium pentobarbital and isoflurane anesthesia. Isoflurane was delivered by an anesthetic gas machine. All efforts were made to minimize suffering and ensure a painless operation.
Animals, diets and sample collection
In Exp.1, 72 Duroc × Landrace × Yorkshire crossbred gilts, with body weight (BW) of 29.9 ± 1.5 kg, were purchased from a commercial herb and assigned to 1 of 3 dietary treatments in a randomized block design with 6 replications per treatment and 4 pigs per replication. All pigs were housed in the same building with slatted floors in Fengning Experiment Farm (Fengning County, Hebei Province, China). During the 4-week study, meals were offered ad libitum twice daily at 08:00 and 16:00, respectively. Pigs had free access to water. Feed intake of each replication was recorded weekly. Pigs were weighed individually at the beginning and the end of the trial. In the present study, protein restriction was fulfilled by feeding low protein diets to pigs. Crystalline AA were supplemented to ensure that the diets provided a similar concentration of EAA to meet nutrient requirements for pigs recommended by NRC [19] (Table 1 ). The 3 diets were formulated based on corn and soybean meal and contained 14, 16 or 18% crude protein (CP), respectively. Ingredient and nutrient composition of experimental diets are given in S1 Table. At the end of the trial, the pigs were fasted for 12 h, then a pig that closed to the average BW of the replication was selected for sampling, and 6 pigs were sampled per treatment. Firstly, an 8 ml blood sample was collected after the local anesthesia by vena cava puncture using a 9 ml clot activator tube (Greiner Bio-One GmbH, Kremsmunster, Austria) and subsequently centrifuged at 3,000 × g for 15 min. The serum was harvested and stored at -20°C for serum urea nitrogen (SUN) analysis.
Subsequently, the pigs selected were slaughtered by electrical stunning and exsanguinated. The small intestine was dissected free of its mesentery and immediately placed on ice. About 5 cm of tissue from the mid-jejunum was dissected gently from each pig, and fixed in 4% neutral buffered paraformaldehyde until processing. Mid-jejunum (20 cm) segments were opened lengthwise and flushed thoroughly with ice-cold saline solution (0.9% NaCl). The mucosa was scraped from the underlying tissue using a sterile glass slide, immediately transferred into liquid nitrogen, and then stored in a freezer at -80°C until protein extraction. In Exp.2, 12 Duroc × Landrace × Yorkshire barrows, with BW of 22.7 ± 1.3 kg, were selected from a commercial herb and individually housed in cages (0.8 × 1.8 m) in Animal Metabolism Chamber (China Agriculture University, Beijing, China) with an average temperature of 25°C, and had free access to water and diets. After 3-d of adaption for the new housing condition, the barrows were assigned to 1 of 2 treatments and fed diets with 14 or 18% CP. The diets contained a similar nutrient profile to those used in Exp.1.
After a 1-week adjustment period for experimental diets, the pigs were fasted for 24 h and then surgically fitted with catheters in the portal and jejunal veins as well as the carotid artery. An anesthetic gas machine delivering isoflurane was used to ensure a painless operation and alleviate any anesthetic damage. A 2-cm stainless steel tube ( [20] . The post-operative nursing care was conducted as described previously [21] [22] [23] with some modifications. Briefiy, the pigs were received daily intravenous administration of antibiotics (penicillin, 6,000 IU/kg body weight and gentamicin, 2 mg/kg body weight) and checked for their recovery. The catheters were irrigated with normal saline and then refilled with heparinized saline solution twice daily.
At 07:30 of the 7 th day after surgery, an amount of meal equal to the average daily feed intake before surgery was offered to the pigs which had been fasted for 12 h and a 1% para-aminohippuric acid (PAH) solution was continuously infused into the ileal mesenteric vein at a priming rate of 3.82 ml/min for 5 min using a Sp200 Series Syringe Pump (World Precision Instruments, Inc., FL). After priming, the infusion rate was changed to 0.79 ml/min for 8 h.
Simultaneously, blood samples were collected from the carotid artery, portal vein and jejunal vein 0.5 h before and 0.5, 1.5, 3.5, and 7.5 h after feeding, into heparinized tubes (BD Inc., Franklin Lakes, NJ) with each tube providing 132 USP units of sodium heparin. The samples were centrifuged for 10 min at 4°C at 3, 300 × g, and the plasma was obtained and stored at -20°C. All pigs were euthanized after blood samples collection.
Chemical analysis
The diets were analyzed for CP (N × 6.25) according to AOAC [24] . Amino acids except methionine, cystine, and tryptophan, were determined using Ion-Exchange Chromatography by a Hitachi L-8800 AA Analyzer (Tokyo, Japan) after acid hydrolysis with 6 N HCl (reflux for 24 h at 110°C). Cystine was determined as cysteic acid and methionine as methionine sulphone after peroxidation with performic acid and pre-column derivation using phenylisothiocyanate (L-8800 Hitachi Automatic Amino Acid Analyzer, Tokyo, Japan). Tryptophan was determined after hydrolyzing with 4 M NaOH at 110°C for 20 h using phenylisothiocyanate (Model 76337, Agilent Technologics, Waldbronn, Germany). Plasma AA concentrations were determined by Ion-Exchange Chromatography with physiological fluid analysis conditions (S-433D AA Analyzer, Sykam, Germany) as described by Boucher, Charret, Coudray-Lucas, Giboudeau and Cynober [25] . SUN concentration was determined by a Biochemical Analytical Kit (C013-1, NJJC, Nanjing, China) according to the instructions provided by the manufacturer. Concentrations of PAH in plasma were measured as described by Harvey and Brothers [26] .
Histological analysis of the intestine
Fixed intestinal samples were embedded in paraffin, cut into serial sections (5 μm thick), and stained with eosin and hematoxylin. Five histochemical sections per sample were observed and two well-oriented villi and their associated crypt per section were measured using an Image Analyzer (Lucia Software, Lucia, Za Drahou, Czechoslovakia) under a light microscope (CK-40, Olympus, Tokyo, Japan) at 40 × magnification. The 10 measurements were averaged to generate 1 value per pig. All measurement procedures were conducted by an observer unaware of the dietary treatments.
Western blot analysis
Relative protein levels for ASCT2, rBAT, 4F2hc, y + LAT1 (related to system y + L), EAAT3 (Na + -dependent glutamate transporters), CAT-1, b 0,+ AT (related to b 0,+ amino acid transporter),
and PepT-1 obtained from the mucosa of a jejunum segment were determined by Western blot. The frozen jejunum mucosa samples were powdered in liquid nitrogen and lysed in RIPA buffer (Huaxingbio Science, Beijing, China) composed of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, and 0.1% SDS, plus a Halt protease inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL). The homogenate was centrifuged at 14,000 x g for 15 min at 4°C and the supernatant was used for Western blot analysis. Protein concentrations were determined using a BCA Protein Assay Kit (Huaxingbio Science, Beijing, China). Equal amounts of protein (50 μg), together with a pre-stained protein ladder (Thermo Fisher Scientific, Rockford, IL), were electrophoresed on SDS polyacrylamide gels. Then proteins were electrotransferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA) and blocked for 1 h in 5% nonfat dry milk at room temperature in Tris-Buffered saline and Tween-20 (TBST; 20 mmol/L Tris-Cl, 150 mmol/L NaCl, 0.05% Tween 20, pH 7.4). The transfer efficiency was assessed by gel staining with Coomassie Blue. Samples were incubated with corresponding primary antibodies for 2 h at 25°C or overnight at 4°C against ß-actin (1:1000 dilution, Huaxingbio Science, Beijing, China), EAAT3 and CAT-1 (1:1000 dilution, Sigma-Aldrich, Inc., Saint Louis, MO), y -+ LAT1 and rBAT (1:100 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), ASCT2 (1:500 dilution, Aviva Systems Biology, Beijing, China) as well as 4F2hc, B 0,+ AT, and PEP-T1 (1:500 dilution, Beijing Biosynthesis Biotechnology, Beijing, China). All the primary antibodies have been validated for use in swine by the manufacturer. After being washed with TBST (pH 7.4), the membranes were incubated with DyLightTM 800-labeled secondary antibodies (1:10000 dilution) which were purchased from KPL (Gaithersburg, USA). Band densities were detected with the Odyssey Clx (Gene Company Limited, Hong Kong, China) and quantified using an AlphaImager 2200 (Alpha Innotech, San Leandro, CA).
Calculations
Total nitrogen intake was computed from the feed intake and the CP content of the diets (% N × 6.25). Total nitrogen excretion was computed by subtracting total protein retained from the total nitrogen intake. Nitrogen retention was computed from the protein deposition (Pd) which was estimated from BW and the prediction equation used is listed as follows. Portal-vein plasma fiow rate (PVPF) was calculated using the para-aminohippuric acid (PAH) dilution technique [27] with some modifications.
Where PVPF is in ml/min, C i is the PAH concentration in the infusion solution (mg/ml), IR is the infusion rate (ml/min) and PAH pv and PAH a are the PAH concentrations (mg/ml) in the portal-vein and carotid artery respectively. The portal-vein AA flux rate (PVAAF, mmol/min) at different points-in-time (0.5, 1.5, 3.5, and 7.5 h after feeding) was calculated by PVPF × C AA , where C AA represents the concentration of an AA at the same time-point.
Portal-vein AA fiux in the period 0.5 to 3.5 h after feeding was calculated based on PVAAF at the different points-in-time using calculus. The following equation obtained by polynomial regression was used for estimating PVAAF at any point-in-time.
Where a, b, c, and d are constants which were obtained from the relationship between the 4 given times (0.5, 1.5, 3.5 and 7.5 h after feeding) and their corresponding AA concentrations, X is any point-in-time in the range between 0.5 to 7.5 h, and PVAAF is in mmol/min at the time point X.
The total AA flux through the portal-vein from 0.5 h to 3.5 h after feeding, which was shortened as Q, can be calculated using calculus based on the equation of PVAAF.
Where Q is in mmol, aX 3 + bX 2 + cX + d is the equation of PVPFAA, t 0.5 and t 3.5 are the times 0.5 h and 3.5 h after feeding, respectively. Statistical analysis All data in Exp.1 were analyzed using the GLM procedures of SAS appropriate for a randomized complete block design (SAS 9.1). The effects of decreasing the dietary CP content were partitioned into linear and quadratic components using orthogonal polynomial contrasts. All data in Exp.2 were analyzed using a 2 × 3 factorial using the GLM procedure of SAS for a randomized complete block design (SAS 9.1). The model included the fixed effect of dietary protein content, blood collection site, and their associated two-way interaction. Data are presented as means ± SEMs. P < 0.05 was considered as the criterion for statistical significance.
Results
Food intake, body weight and nitrogen balance
Food intake, body weight gain and protein retention of pigs were not influenced by dietary treatment during the period of the study ( Fig 1A) . As dietary CP content declined, nitrogen intake, fecal nitrogen excretion and total nitrogen excretion were linearly reduced (P < 0.01), but nitrogen digestibility was linearly increased (P < 0.01). SUN was not altered by dietary treatment (Fig 1B) . 1C). The pancreas weight of pigs fed the 14% CP diet was significantly decreased compared with that of pigs fed the 18% CP diet (P < 0.05), and the relative weight of the stomach, liver, and kidney did not differ among the 3 dietary treatments (Fig 1D) .
Free AA pool size in circulation As shown in Table 2 , circulating AA pool size was dramatically affected by dietary CP content. Specifically, all AA except for lysine, threonine (P > 0.10) and alanine (P = 0.06), were decreased (P < 0.05) as the dietary CP content was reduced. However, circulating AA concentration in the different blood collection sites (carotid artery, jejunal vein, and portal vein) did not differ except for arginine which was lower in the carotid artery compared with that in jejunal or portal vein (P < 0.05). No two-way interactions were observed between dietary CP content and blood collection site.
Free AA flux through the portal vein after feeding
Compared with pigs fed the 18% CP diet, the flux rate of arginine, histidine, isoleucine, leucine, phenylalanine, aspartate, cysteine, glutamate, glycine, proline, serine, and tyrosine in the portal vein was significantly decreased in pigs fed the 16% CP diet (P < 0.05); however, the flux rate Means without a common letters differ significantly (P < 0.05). FI, food intake; DWG, daily weight gain; PR, protein retention; NI, nitrogen intake; FNE, fecal nitrogen excretion; TNE, total nitrogen excretion; ND, nitrogen digestibility; SUN, serum urea nitrogen; VL, villus length; CD, crypt depth; V/C, the ratio of villus length to crypt depth. doi:10.1371/journal.pone.0162475.g001 of methionine (P < 0.05) and lysine (P = 0.06) was or tend to be increased. When the AA were classified into different categories, the flux rate of nonessential AA, branched-chain AA, neutral AA, and anionic AA was decreased (P < 0.05) as the dietary CP content was reduced, whereas available EAA remained constant. Most AA with the exception of lysine, methionine, phenylalanine, threonine, asparate, cysteine and tyrosine had a highest absorption rate at 1.5 h after feeding relative to other time points (Table 3 ). There were no interactions between dietary CP content and the various time-points.
The total flux of isoleucine, leucine, alanine, aspartate, glutamate, glycine, and anionic AA through the portal vein from 0.5 to 3.5 h after feeding was lower (P < 0.05) in pigs fed the 14% CP diet compared with those in pigs fed the 18% CP diet (Table 4) .
Protein expression of AA and peptide transporters in the jejunum
These eight transporters in the jejunum were chosen for Western blot analysis because they represent different AA transporter systems and one small-peptide transporter system (Fig 2) . The protein abundance of 4F2hc, y+LAT1, and rBAT declined (P < 0.05) when dietary CP content was reduced from 18 to 14%. Compared with pigs fed the 18% CP diet, the protein expression of ASCT2 in pigs fed diets with 14 or 16% CP content was decreased (P < 0.05). The protein expression of CAT-1 and b 0,+ AT was reduced (P < 0.05) in pigs fed the 14% CP diet compared with pigs fed 16 or 18% CP. No difference in the EAAT3 protein was detected among pigs fed the different diets (P > 0.05). When the dietary CP content was reduced by 4 percentage units from 18 to 14%, the protein abundance of small intestinal PepT-1 was significantly increased (P < 0.01).
Discussion
It has been shown that dietary protein restriction is beneficial both to human health and animal production efficiency [3, 4, 28] . However, the effect of protein restriction on nitrogen balance, protein retention, AA absorption, and AA pool size in body remains unclear. Pigs, sharing with humans similar anatomic and physiologic characteristics in digestive systems, serve as a suitable model for human digestive physiology study [29] . Therefore, in the present study, swine model were used to explore the effect of dietary protein restriction on body weight, nitrogen balance, AA absorption, as well as circulating AA pool size in body. It would be helpful for understanding human health concern associated with nitrogen It is widely accepted that, as long as AA are balanced with supplementation of crystalline AA, the nutritive value of protein-restricted diet is similar to the conventional diet in terms of growth performance and body composition in pigs [12, 30, 31] . However, when the dietary CP content was reduced by 8 percentage units, the performance of growing pigs was reduced as a result of inadequate supply of nitrogen for the synthesis of dispensable AA [30] . In Exp.1, the 3 diets (18, 16, or 14% CP) were isocaloric and had an equivalent SID EAA content, but the ratio of free EAA to total EAA and nonessential AA content showed a gradient increases as dietary protein level decreased (Table 1 and S1 Table) . The growth of pigs was not influenced by a reduction of 4 percentage units in dietary CP, which is in agreement with the previous report [30] . Protein retention was not influenced by protein intake which is contrary to previous results showing that protein restriction led to lower body muscle and increased fat content [32, 33] . This discrepancy can be explained by the fact that the diets used in the present study were formulated to better meet the nutrient requirement of pigs recommended by latest version of NRC [15] , and moreover, the effects of dietary CP content or protein intake on body composition are less in the growing period than the finishing period [34] . Low protein diets with crystalline EAA supplementation maintained body weight gain, but reduced nitrogen excretion of growing pigs [35, 36] , which was confirmed in the current experiment. The digestibility of total nitrogen was improved as the dietary protein level was reduced, which is also supported by the findings that pigs offered a low-protein diet had a fewer excretion of nitrogen than those offered high-protein diets [37] .
SUN concentrations can serve as an indicator of body protein status as well as nitrogen metabolism and utilization [38] . In the current study, no difference was observed in SUN of pigs fed 18, 16 and 14% CP diets, indicating that AA oxidation and decomposition were not influenced by the dietary protein level or the form of dietary AA changed. This is opposite to other reports that serum or plasma urea nitrogen was linearly reduced by declining CP content [39] . This can be explained by the fact that the diets in the current study were formulated according to the latest version of NRC [19] and all SID EAA were balanced.
The reduction of relative pancreas weight as protein intake declined can be explained by the fact that protein-bound AA need to be released by pancreatic and intestinal enzymes prior to their absorption [16] . Reducing dietary CP content has been shown to decrease protein synthesis in the pancreas, liver, kidney and longissimus muscle [40] . In addition, a high protein diet increased porcine muscle protein accumulation at different body weights [41] . Therefore, as the main factor affecting the size of circulating AA pool, postprandial AA flux in the portal vein should attract future attention.
The peak portal absorption of most AA appeared within 1.5 h of feeding which is consistent with the findings reported by Yen, Kerr, Easter and Parkhurst [42] . The portal vein flow rate of most free-AA except for methionine, threonine and alanine was or tended to be reduced in the pigs fed the low protein diet. The absorption rate of threonine was unaffected by dietary protein content and this can be explained by the fact that most threonine is metabolized in the small intestine [43] . Dietary AA are the major fuels for the small intestinal mucosa, the essential precursors for the intestinal synthesis of proteins, and maintaining small intestinal mucosal mass and function as well as intestinal integrity [44] [45] [46] . Particularly, glutamine, glutamate and aspartate take part in small intestinal energy metabolism as fuels for ATP production [47] , which can be deficient in low protein diets. This can be inferred by the results of the jejunum morphology analysis which showed that crypt depth was decreased in pigs fed low protein diets. Although the measurement of villus length and crypt depth is a method of routine for evaluating the small intestinal morphology status, and it was scored blind all in the present study, the process possibly brought out the deviation arising from selective analysis of well-oriented villi, which need more comprehensive evaluations. All dietary AA absorbed from the small intestine lumen and entering the portal circulation are extensively catabolized by the portal-drained viscera [48] . Approximately 30 to 50% of these dietary AA including glutamine [49] , arginine [50] , proline [6] , and the Branch chain AA [7] are degraded by the small intestinal mucosa. Therefore, to reveal the effect of dietary CP content or AA form on the AA absorption of growing pigs, the variation in total AA flux though the portal-vein should attract more attention than the amount of AA absorbed by enterocyte.
In the present study, the portal-vein AA flux during the postprandial of 0.5 to 3.5 h, including histidine, isoleucine, leucine, phenylalanine, alanine, aspartate, glutamate, glycine and protein diets for 4-weeks (n = 6). β-actin was used as an internal standard to normalize the signal. One treatment included six replications, and one replication had three repeated measures. Means without a common letters differ significantly (P < 0.05).
doi:10.1371/journal.pone.0162475.g002
proline, was or tended to be less for pigs offered a low protein diet. However, the portal vein flux of lysine, methionine, threonine, and valine, was unaffected by dietary CP content, which can be traced to the high proportion of crystalline AA involved in formulating the low protein diet. Branch chain AA are necessary to maintain the small intestine development and physiological absorption of AA [18] . A reduction of the portal vein branch chain AA flux may be another limiting factor for small intestinal transporter expression.
Utilization of dietary nutrients and tissue protein synthesis can be enhanced by the increased transfer of nutrients from the gastrointestinal lumen into the enterocytes [8] . The variation in the postprandial AA flux in the portal vein of pigs fed a low protein diet may affect the balance between AA utilization and AA storage in bodies. Therefore, three sites (carotid artery, jejunum vein, and portal vein) were selected for the analysis of circulating free-AA pool size. In Exp.2, the low protein diet was formulated with a similar SID EAA content by free-AA supplementation compared with the 18% CP diet. However, the pool size of most AA except lysine and threonine was reduced for pigs fed the low protein diet. Crystalline lysine and threonine are absorbed more rapidly than protein-bound lysine and threonine in growing pigs [42] . It implied that crystalline lysine and threonine can make up the deficit in the present study, while the supplementation of methionine, isoleucine, valine, histidine, and phenylalanine might be insufficient in the 14% CP diet, and its influence warrants further evaluation.
The expression of duodenal cationic AA transporter b 0+ has been shown to be enhanced by dietary free lysine [15] . Efficient duodenal absorption of dietary crystalline AA may be responsible for the stability of the size of circulating lysine and threonine pool in pigs fed the 14% CP diet, in which relatively higher proportion of crystalline lysine and threonine were supplemented. This result is similar to a previous report to certain extent, in which net portal absorption of lysine and threonine increased in pigs offered a low protein diet [42] . The expression of the cationic AA transporter b 0+ in the duodenum and CAT-1 in the jejunum has been shown to be influenced by dietary crystalline AA supplementation [11, 15, 17] . The absorption of most AA occurs in the jejunum [51] . Therefore, the lower portal vein free AA absorption rate after feeding and the variation in the size of the free-AA pool of pigs fed the low protein diet may result from changes in jejunal AA transporter expression. Dietary AA and peptides are absorbed via their specific transporter systems [52] . The AA transport systems b 0,+ , y + , and Na + -dependent y + L have a high efficiency for bringing cationic AA from the intestinal lumen to the blood together with cysteine and to efflux neutral AA from the blood for exchange [53, 54] . Na + -dependent ASC and B 0 , expressed in the apical membrane, are the main AA transporter systems involved in the absorption of neutral AA [53] . For both glutamate and aspartate, a Na + -dependent transporter system named X -AG has consistently been confirmed in the basolateral membrane of the renal and intestinal epithelial cells [55] . In the present study, AA transporters with high expression in the small intestine and representative of different transport systems were analyzed. These included the cationic AA transporters rBAT/b 0,+ AT belonging to system b 0+ and expressed in the apical membrane, 4F2hc/y + LAT1
belonging to system y + L and expressed in the basolateral membrane, CAT-1 belonging to system y + and expressed ubiquitously, the neutral AA transporter ASCT2 belonging to system ASC and expressed in the apical membrane, and the anionic AA transporter EAAT3 belonging to system X -AG and expressed in the apical membrane. The capacity of PepT1 transporting small-peptides was higher than AA transporters transporting free AA [56] . The protein abundance of the small-peptide transporter PepT1 was also evaluated in this study. The anionic AA transporter EAAT3, which is present at the brush border membrane, plays an important role in enterocyte metabolism as it transports glutamate, the main energy source of intestinal epithelial cells [57] .
The mRNA expression of ASCT2, CAT-1, rBAT, and 4F2hc was decreased in the jejunum of weaned piglets fed low protein diets when only lysine, methionine, threonine and tryptophan were balanced in diets, while PepT1 was increased, and moreover, the protein expression of rBAT or PepT1 can be restored by the addition of branched-chain AA [18] . It had also been demonstrated that the relative abundance of intestinal ASCT2, EAAC1, B 0+ AT, 4F2hc, and ATB 0 mRNA was reduced in pigs fed low protein diets [58] . However, for pigs fed low protein diets with all EAA balanced by supplementation of crystalline AA, the RNA expression of b 0+ , y + L, and B 0 in the jejunum was uninfluenced by dietary protein content [15] . What's more, similar mRNA expression levels could be accompanied by a wide range (up to 20-fold difference) of protein abundance levels, and vice versa [59] . The protein expression of AA transporters fully represents their activity [53, 60] . Therefore, the effects of a low CP diet with EAA balanced on the activity of jejunal AA transporter in pigs remains unclear. In the present study, crystalline AA (lysine, methionine, threonine, tryptophan, isoleucine, phenylalanine and valine) were supplemented into the low protein diets in order to keep all EAA balanced. More comprehensive AA transporters covering 5 high expression transport systems (b 0,+ , y + , Na + -dependent y + L, Na + -dependent ASC, Na + -dependent X -AG ) and one peptide transporter were quantified by Western blot analysis. As dietary protein content was reduced, the protein expression of neutral and cationic AA transporters decreased, the anionic AA transporter EAAT3 was unaltered while the peptide transporter PepT-1 was increased. The crystalline AA supplemented in the low protein diets were neutral AA (L-threonine, L-tryptophan, DL-methionine, L-valine, L-isoleucine and L-phenylalanine) and cationic AA (L-lysine HCL and L-histidine). These results indicate that AA form (free vs. protein bound) in diets affects jejunal AA transporter expression. The expression of cationic AA transporter in vitro was regulated by the content of cationic AA [60] . We speculated that the expression of jejunal AA transporters is closely related to the concentration of free-AA which flowed into the jejunum from the upper gastrointestinal tract. Free dietary AA tend to be absorbed in the duodenum because of their higher availability than protein-bound AA. In agreement, previous study showed that dietary free lysine has a stronger stimulation effect on b 0,+ expression in the duodenum than proteinbound lysine [15] . A reduction in nutrient intake increased the small intestinal PepT1 abundance in rats [61] . PepT1 expression increased in pigs fed low protein diets in our study and this may be a mechanism for efficiently transporting dietary protein from the small intestinal lumen into the enterocytes. The transporters may act directly as the initiating sensors in the mechanistic target of rapamycin complex 1 (mTORC1) sensing both extracellular and intracellular AA level [62] . The mTORC1 pathway is activated when certain AA (e.g., leucine) are abundant [63, 64] . It has been documented that phenylalanine and valine also mediate the mTOC1 pathway, and supplementation with valine over phenylalanine can restore the mTOR activity and potently reclaim cell proliferation in vitro [65] . In the present study, the low protein diet was formulated with similar contents of SID AA compared with the control diet, but the appearance of free AA at certain intestinal site may differ with the varied digestible rate which depends on the dietary AA form. As result, it is sophisticated to predict the influence on mTORC1 pathway in enterocytes and out of the scope of this study. In body, the pool size of plasma free AA including leucine, phenylalanine and valine were shrunk by the low protein diet even crystalline phenylalanine and valine were supplemented. We do not know the impact of shrunk plasma free AA pool size on mTORC1 pathway, which needs further studies.
In summary, low protein diets balanced with supplementation of crystalline AA can improve nitrogen efficiency without sacrificing body weight gain in pigs. In the jejunum, low protein diets depressed the most AA transporters except for anionic AA transporter EAAT3, while the peptide transporter PepT-1 was increased. However, it could not compensate for AA absorption, which in turn reduced flux of AA in the portal vein and shrank the pool size of circulating free-AA. It implied that dietary protein content or AA form could affect circulating AA pool size through altering the expression of jejunal AA and peptide transporters. Furthermore, the present study firstly documented that circulating AA pool size was decreased by ingesting low protein diets. Even protein restriction is considered to be beneficial to human health and longevity, as well as efficient pig nitrogen utilization, its long-term effects on digestion and metabolism needs rigorous assessment.
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